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METHOD AND APPARATUS FOR MEASURING 
DRY DENSITY AND WATER CONTENT OF SOIL 

CROSS-REFERENCE TO RELATED APPLICATION 
This application claims the benefit of U.S. Provisional Patent Application Serial 
No. 60/448,063, filed February 18, 2003, which application is hereby incorporated by 
reference. 

TECHNICAL FIELD OF THE INVENTION 

The present invention relates generally to methods and apparatus for measuring 
soil parameters and, more particularly, to methods and apparatus for measuring 
dry density and water content of soil using time domain reflectometry. 

BACKGROUND OF THE INVENTION 

Time domain reflectometry (TDR) has been used to measure the volumetric 
moisture content of soils (volume of moisture per unit volume of soil), mostly in the field 
of soil science. As shown in FIG. 1, these measurements involved the insertion of a 
probe 10 comprising a central rod 12 and two or more peripheral rods 14 into the soil 16 
to be measured. The peripheral rods 14 (which are preferably three in number) are spaced 
equidistant from the central rod 12 and equidistant from each other. A coaxial 
transmission line 18 is then coupled to the structure with the center conductor of the 
coaxial cable 18 coupled to the center rod 12 and the exterior shield (outer conductor) of 
the coaxial cable 18 coupled to each of the peripheral rods 14. In this way, the peripheral 
rods 14 simulate the effects of a continuous outer coaxial shield in the soil 16, without the 
requirement of attempting to drive a cylindrical probe into the soil 16. Time domain 
reflectometry analysis equipment 20 is then coupled to the coaxial cable 18, and the 
reflections of high frequency electrical signals from the soil 16 are measured using the 
analysis equipment 20. These reflections will change in predictable ways depending 
upon the dielectric constant of the soil 16, which has been found to be strongly correlated 
with the volumetric moisture content of the soil 16. Therefore, time domain 
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reflectometry has been established as a viable tool for measuring volumetric moisture 
content of a soil 

An innovative improvement was made by Siddiqui and Drnevich, U.S. Patent 
Nos. 5,801,537; 5,933,015; and 6,215,317, which are hereby incorporated by reference, 
to extend TDR to geotechnical applications. 1 They developed a calibration equation 
relating soil apparent dielectric constant to soil gravimetric water content and dry density 
and designed procedures for laboratory calibration and field application. The laboratory 
calibration was done in conjunction with a standard compaction test. The field procedure 
consisted of two tests: 1) a test in which a TDR reading was taken on a plurality of spikes 
driven into the soil; and 2) a test in which a TDR reading was taken in a compaction mold 
on the same soil that was rapidly excavated from within the volume bounded by the 
spikes. The spikes formed a coaxial probe for the first test and a single rod driven into 
the center of the soil in the compaction mold formed a coaxial mold probe for the second 
test. Assuming that the water content was the same for both tests, the apparent dielectric 
constant from the two TDR readings and the measured total density of the soil in the 
mold were used to calculate soil water content and dry density. Laboratory and field 
evaluations indicated that the method had sufficient accuracy for geotechnical 
purposes. 2 ' 3,4,5 An ASTM standard designated ASTM D6780 for the method was recently 
approved. The procedure described above made use of measured apparent dielectric 
constants (one with soil in place and one with soil in the mold). It also required digging 
out the soil and compacting it into a mold. This process required about 10 to 15 minutes. 

A multiple rod probe (MRP) 22 of the prior art according to Siddiqui and 
Drnevich is illustrated in FIGS. 2-4. The MRP 22 was used to measure the dielectric 
constant (and hence the volumetric moisture content) of an in-place soil sample. The 
conducting rods 24 of the MRP 22 were driven into the soil 26 in a predetermined pattern 
using a guide template 28 placed upon the surface of the soil. The pattern included a 
centrally located rod and two or more peripherally located rods, all being equidistant 
from the central rod. The rods 24 were preferably common metal spikes, and extended 
into the soil to a depth of approximately nine inches. The template 28 was removed after 
the rods 24 were driven into the soil. The MRP 22 further included an interface cap 30 
which was formed from a conductive material, such as stainless steel. The cap 30 had a 
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plurality of studs 32 extending downwardly therefrom. The centrally located stud was 
electrically insulated from the interface cap 30, while the peripheral studs were mounted 
in electrical contact with the conductive portion of the cap 30. A coaxial connector 34 
was mounted to the cap 30 such that the outer conductor was in electrical contact with the 
conductive portion of the cap 30 and the peripherally located studs 32. The center 
conductor of the connector 34 was in electrical contact with the centrally located stud but 
was insulated from the conductive portion of the cap 30. The connector 34 was coupled 
to a TDR instrument 20 by means of a coaxial cable 18. 

It would be a desirable improvement to the above-described prior method and 
apparatus to make use of only the multiple rod probe, and eliminate the necessity of 
excavating and compacting soil into a compaction mold in the field. The present 
invention provides this and other desirable improvements. 
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SUMMARY OF THE INVENTION 
The present invention relates to a method and apparatus for determining 
gravimetric water content and dry density of soil in place. This invention makes use of 
the principle of time domain reflectometry (TDR) associated with electromagnetic waves 
traveling in a medium. A multiple rod probe is designed to contact spikes driven into the 
ground to measure a TDR signal applied to the soil in place. Two measurements are 
made on the TDR signal from a single test sample. One measurement determines the 
apparent dielectric constant and the other measurement determines the bulk electrical 
conductivity. The invention makes use of a newly discovered relationship wherein 
apparent dielectric constant and bulk electrical conductivity are functions of gravimetric 
water content and dry density. 

Dielectric constant and bulk soil electrical conductivity are measured 
simultaneously on the same soil sample. Calibration equations correlate these two 
parameters with soil gravimetric water content and dry density, which equations are 
simultaneously solved after adjusting field-measured conductivity to a standard 
conductivity. The method compensates for temperature effects. Testing may be done on 
soil in place using a special probe that obtains average values over a fixed depth from the 
surface. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a side elevational view of a prior art probe for measuring the dielectric 
constant of an in-place soil sample. 

FIG. 2 is a side elevational view of another prior art multiple rod probe, illustrated 
in use with a template and spikes. 

FIG. 3 is a cross-sectional view of the multiple rod probe of FIG. 2. 

FIG. 4 is a bottom plan view of the multiple rod probe of FIG. 2. 

FIGS. 5a and 5b show the influence of soil properties on a TDR waveform. In 
Fig. 5a, dry density is constant and gravimetric water content varies. In Fig. 5b, 
gravimetric water content is constant and dry density varies. 

FIG. 6 shows the definitions of different voltage levels for a TDR waveform. 

FIG. 7 shows the correlation between conductivity measured by TDR and 
conductivity measured by a conductivity meter. 

FIGS. 8a and 8b show the calibration of dielectric constant for different pore 
fluids. Fig. 8a shows clayed soil, PL=20, LL=32. Fig. 8b shows ASTM graded sand 
with differing amounts of salt in the pore water. 

FIG. 9 shows the relationship between bulk electrical conductivity and 
gravimetric water content. 

FIG. 10 shows adjustment of fluid conductivity by projecting onto laboratory 
calibrated relationships. 

FIGS. 1 la, 1 lb and 1 lc show an example of calibration on ASTM graded sand. 

FIG. 12 shows a schematic presentation of temperature correction. 

FIG. 13 shows the results of applying a simplified temperature correction 
approach on ASTM sand. 
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DESCRIPTION OF THE PREFERRED EMBODIMENT 
For the purposes of promoting an understanding of the principles of the invention, 
reference will now be made to the embodiment illustrated in the drawings and specific 
language will be used to describe the same. It will nevertheless be understood that no 
limitation of the scope of the invention is thereby intended, such alterations and further 
modifications in the illustrated device, and such further applications of the principles of 
the invention as illustrated therein being contemplated as would normally occur to one 
skilled in the art to which the invention relates. 

Compaction quality control is important for engineered earthwork construction. 
Soil water content and dry density are properties generally used for controlling 
compaction quality. Currently used methods, including nuclear methods, obtain total 
density with one procedure and the water content with a different procedure, which are 
independent of each other. In most cases, these measurements are made on different 
"samples" of soil. Dry density is then calculated. The TDR method described herein 
determines water content and dry density directly from one measurement on the same soil 
sample in place. The reference method for water content measurement is the oven-dry 
method (ASTM D2216), which requires accurate sampling and oven drying for 24 hours. 
There is no reference method for density determination in place at this time. 

Time domain reflectometry (TDR) technology has been shown to be a reliable, 
fast, and safe technology for field monitoring of the volumetric water content of soil, i.e., 
volume of water compared to total volume. A universal relation between soil volumetric 
water content and soil apparent dielectric constant has been established. In addition to 
soil apparent dielectric constant, it also is possible to obtain bulk soil electrical 
conductivity from TDR waveforms. 

Geotechnical applications require the gravimetric water content, i.e. mass of water 
compared to mass of soil solids. Gravimetric water content is related to volumetric water 
content by the dry density of the soil. The term "water content" as used herein refers to 
gravimetric water content unless explicitly stated otherwise. 

The present invention provides an improved method and apparatus that makes use 
of only one field TDR measurement to determine bulk soil electrical conductivity in 
addition to apparent dielectric constant to obtain soil water content and dry density. Thus 
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no soil needs to be excavated during field testing and the testing time is reduced to a few 
minutes. 

TDR measures soil apparent dielectric constant through measuring the speed of 
an electromagnetic wave traveling in soil. Apparent dielectric constant is given by 

K a =& 2 (1) 
L p 

where L a is the distance between reflections (called apparent length) and L p is the 
length of the probe. For TDR measurements in soil, electromagnetic reflections occur as 
the wave reaches the soil surface and again as the wave reaches the end of the probe as 
shown in Figs. 5a and 5b. The apparent length is the measured distance between these 
two reflections points. As water content or density increases, the apparent length also 
increases. 

Various methods have been proposed to pick the two reflection points from TDR 
waveforms, among which the tangent line method is most widely used. We developed a 
robust algorithm using the concept of curvature to identify the reflection points for the 
present method. 

The electrical conductivity of a soil material causes attenuation of the TDR 
waveform. This phenomenon is described by transmission line theory. An analysis 
technique using the concept of TDR wave attenuation in a transmission line is known. 
The bulk electrical conductivity is expressed in terms of the voltage level that occurs after 
the reflection from the end of the probe 

K 1/2 V 

EC b =-^— In A) (2^ 
where EC b is the bulk electrical conductivity, K a is the apparent dielectric constant, L p 
is the probe length, and V x and V 2 are voltage levels, as shown in Fig. 6. This approach 
was later found to not account for effects of the intervening coaxial cable and the 
impedance matching transformer. 

Additional shortcomings of this model are: 

1) EC b is coupled with K a , which might be a source of error; 

2) Picking accurate values of K 0 ,F 1? V f could be difficult. 
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Analysis of the long-term response of a transmission line indicates the bulk 
electrical conductivity can be calculated from the TDR voltage level at long times using a 
simplified static circuit analysis 

1 V 
EC b =-(-^--1) 

b c v f 

where V is the source voltage which equals twice the step pulse, V f is the long term 
voltage level, and C is a constant related to probe configuration. For coaxially configured 
2>7rL R 

probes, C = E r ± , where L D equals the probe length in soil, R s the internal resistance 

a 

In(^) 

of the pulse generator, and d 0 and d { are outer and inner conductor diameters, 
respectively. 

This approach had been proposed for analyzing dielectric behavior of thin 
samples, and it was found that applying this approach for bulk soil electrical conductivity 
produced satisfactory results. We used this method for the measurement of the 
conductivity of water with various amounts of salts added to increase ionic conductivity. 
Results showed a good linear relationship with conductivity measured with a bench 
conductivity meter (Fig. 7). Equation 3 is used in the method of the present invention 
described herein to obtain bulk soil electrical conductivity from TDR measurements. 

Due to the large dielectric constant for water (around 80 at 20°C) in contrast to 
the relatively small dielectric constant for soil solids (around 3 to 5), it is possible to 
relate soil apparent dielectric constant to soil water content. The relationships are called 
calibration equations. 

It was known that for soils with a wide range of mineral content, a single equation 
was adequate and was practically independent of soil bulk density, ambient temperature, 
and salt content. That relation is now widely used as a calibration curve and is referred 
to as Topp's equation, 

0 = 4.3 x 10" 6 K a 3 - 5.5 x 10" 4 K a 2 + 2.92 x 1(T 2 K a - 5.3 x 1(T 2 

This calibration equation has been confirmed by numerous authors on various 
soils and currently is the most widely used calibration equation for TDR applications. 
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However, it is observed that for organic soils, fine-textured soils, and clays, the 
dependency of K a on 6 differs from Topp's equation. The deviation is attributed to soil 

density and texture (bound water) effects. 

Experiments by others on eight different types of soil indicate that the deviation 
from Topp's equation appears more due to density effects than to bound water effects. 
Others incorporated bulk dry density, percent clay content, and percent organic content to 
get an improved general calibration relation. They also showed that the improved 
accuracy in volumetric water content was mostly attributed to the dry density term. 

Another popular type of calibration is based upon a linear relationship between 



in which a and b are constants obtained by regression. However, Eq. 5 does not account 
for soil density effects. A calibration equation incorporating density effects was also 
proposed. 



There also exists a calibration relationship based on theoretical polarization analysis of 
dielectric mixtures. 

Two factors make it difficult to apply these calibration equations to geotechnical 
practice: 

1) The calibrations are expressed in terms of volumetric water content and 
independent determination of dry density is needed to obtain gravimetric 
water content; 

2) The improved calibrations accounting for bulk density effects are complex in 
form and hard to apply. 

Another proposed calibration equation utilized the concept of gravimetric water 
content along with soil dry densities 



#7 and0. 




(5) 



0 = 



K a os -0.819-0.618^ +0.159p, 2 
7.17 + 1.18/7, 



(6) 




(7) 
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where p w is the density of water, pd is the dry density of soil, a and b are soil specific 
calibration constants, and w is the gravimetric water content. 1,3 

A close inspection of this expression shows that it is consistent with the 
relationship obtained using volumetric mixing formulas. 2 This calibration equation can 
be converted to one for volumetric water content by use of 

which gives 

Pw 

From Eq. 9, when 0=0 (dry soil), a = JK as — ; when 0=100 percent (pure water), 

b = ^K a%w . Thus a is the ^K a s (refraction index of soil solids) normalized by soil dry 

density; b is ^K a w (refraction index of pore fluid). 5 

According to the procedure described in ASTM D6780 the calibration constants a 
and b are obtained in conjunction with the standard compaction test (ASTM D698 or 
ASTM D1557). Use of commonly accepted values for K a s and extreme ranges of dry 
density show that the variation of a is from 0.5 to 1.85. The typical value of K aw is about 
81 at 20°C which gives a value of b of approximately 9. 5 It is also observed that the 
calibration for dielectric constant is insensitive to pore-fluid conductivity for both sandy 
and clayed soils (Fig 8a and 8b). 

As stated above, bulk soil electrical conductivity can be obtained from analysis of 
TDR waveforms by use of Eq. 3. The next task is to relate bulk soil electrical 
conductivity to soil physical properties. 

Because soil is a three-phase system, factors influencing soil electrical 
conductivity include: porosity, degree of saturation, composition of pore water, 
mineralogy, soil structure, etc. General theoretical equations expressing the electrical 
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conductivity as a function of all these factors are not available because of the inherent 
complexity of the soil-water system in most natural soils. However, a number of 
empirical equations and theoretical expressions based upon simplified models are 
available that give satisfactory results for given conditions. 

An important observation on bulk soil electrical conductivity from laboratory tests 
is that for a given soil water content, bulk electrical conductivity is proportional to soil 
pore fluid electrical conductivity. This leads to Archie's law, in which bulk soil electrical 
conductivity is expressed as a function of pore fluid conductivity, porosity, degree of 
saturation, etc. Conductivity by soil particles is ignored and thus the relationship is only 
applicable for coarse materials. 

An improved relationship based on a two-pathway model which took into 
consideration both the conduction by pore fluid and the conduction via surfaces of soil 
particles was developed, 

EC b = T0EC w + EC S (10) 

where Tis a geometric factor that has a linear relationship to volumetric water content, 
i.e. T = a +b'0, in which a , b' are empirical constants for a given soil. Thus the bulk 
soil electrical conductivity is a 2 nd order polynomial of volumetric water content, i.e. 

EC„ = a'ECJ 2 + b'ECJ + EC S (1 1) 

The expression shows good accuracy in relating soil volumetric water content and 
pore fluid conductivity to bulk soil electrical conductivity. The expression alone was 
used by others to solve for soil volumetric water content from bulk electrical conductivity 
measurement on soils and gave satisfactory results. 

However, this equation is inadequate for application to geotechnical engineering. 
First, it does not account for the effect of soil skeleton density. As seen from Eq. 1 1, the 
conductivity of the soil solids is treated as a constant, which is inconsistent with the fact 
that the conductivity by the soil skeleton increases with the density of the material. 
Another problem for geotechnical applications is that conductivity is expressed in terms 
of volumetric water content. 

In the expression for complex dielectric permittivity, the electrical conductivity is 
included in its imaginary part. On the other hand, we can treat dielectric constant as the 
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imaginary part of complex electrical conductivity. This implies that soil apparent 
dielectric constant and bulk soil electrical conductivity follow similar rules. By this 
analogy, a calibration relationship for bulk soil electrical conductivity should be similar 
to that for soil apparent dielectric constant and can be expressed as: 

jEC^£^ = c + dw (12) 

Pd 

where c and d are two soil specific calibration constants. 2,6 

We may express Eq. 12 in terms of volumetric water content by substituting Eq. 8 

jEC b=c £<L + de (13) 

Pw 

and thus 

EC {c £jL+ de y =( c ^) 2 +2c^d0+d 2 e 2 (14) 

P w P w Pw 

which is a 2 nd order polynomial for 0 and is compatible with Eq. 1 1 . Comparing the 
coefficient for 2 nd order term, we have 

d = ^aEC w 05) 
Thus, d is a constant that includes the effect of both soil type and pore fluid properties. 
Similarly, c is a constant related to dry-density-normalized conductivity of the soil solids. 

There are many advantages in using the calibration equation given by Eq. 12 
including: 1) the relationship is expressed in terms of gravimetric water content and thus 
is more suitable for geotechnical applications; 2) the expression considers both 
conduction from pore water and from soil particles; 3) it accounts for the density of the 
soil skeleton on conductivity; and 4) the expression is simple in format and easy to apply. 

The relationship of Equation 12 is an important improvement over previously 
observed relationships. In a study on graphite-soil mixtures, it was observed that there is 
a reasonably good linear relationship between square root of bulk electrical conductivity 
and soil volumetric water content. We believe that the correlation will be improved if 
density effects are accounted for by use of Eq. 12. 

Using Eq. 12, data are plotted in Fig. 9. 7 These data originally were used to 
compare the accuracy of different models to estimate soil pore fluid conductivity from 
bulk electrical conductivity. Fig. 9 shows that for a given pore fluid conductivity, the 
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square root of bulk electric conductivity has good linear relationship with gravimetric 
water content, with the slope of the calibration curve dependent upon the pore- fluid 
conductivity. 

The constants c and d for Eq. 12 can be obtained in conjunction with obtaining the 
calibration constants, a and b for soil apparent dielectric constant (Eq. 7) while 
performing laboratory compaction tests on a sample of the soil for which field 
measurements are to be taken. The calibration constants c and d are dependent on the 
conductivity of the pore fluid and will change if the pore fluid changes. In determining c 
and rf, the pore fluid conductivity needs to be constant and within a range of 0.04-0.08 
S/m and ordinary tap water is usually within this range. High pore fluid conductivity 
causes problems for determining K a and low pore fluid conductivity results in poor 
accuracy for values of c and d. 

Soil apparent dielectric constant and bulk electrical conductivity are generally 
treated as two pieces of independent information obtained from the TDR waveform. 
Typically, these two pieces of information were applied separately, i.e., soil apparent 
dielectric constant was used to obtain soil water content while soil bulk electrical 
conductivity generally was used to estimate soil pore-fluid conductivity. However, these 
two parameters are related and their interrelationship can be utilized to simplify TDR 
measurements and make them more accurate. 

From a theoretical point of view, soil apparent dielectric constant and bulk 
electrical conductivity are correlated since soil electrical conductivity is contained in the 
imaginary part of soil complex permittivity. A high degree of linear correlation has been 
found between soil apparent dielectric constant and bulk soil electrical conductivity for a 
broad range of soil types. 

We now have two independent equations, one for soil apparent dielectric constant 
(Eq. 7) and one for bulk soil electrical conductivity (Eq. 12), both of which are functions 
of water content and dry density. Hence, they must be related to each other. Combining 
Eqs. 7 and 12, we get 




Equation 16 can be simplified to 
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(17) 



in which/ and g are calibration constants related to soil type and pore-fluid conductivity. 

Comparing Eq. 16 with Eq. 17, we see that slope of the line g in Eq. 17 equals d/b 
in Eq. 16. Since both b and d are related to pore-fluid properties, the value g must also be 
related to them. As we have seen, b is relatively independent of ionic conductivity and d 
is strongly related to the conductivity of the pore fluid, thus g is predominantly dependent 
upon pore fluid conductivity, i.e., the slope of the line g changes systematically with pore 
fluid conductivity. A schematic plot of the Apparent Dielectric Constant - Electrical 
Conductivity calibration curves for different pore- fluid conductivities is shown in Fig. 10 
where the square roots of both are plotted. 

The Apparent Dielectric Constant - Electrical Conductivity calibration curve is 
useful for assessing the quality of a TDR measurement, e.g., values from a measurement 
showing large deviations from the corresponding calibration curve indicate a possible 
error in measurement such as caused by poor contact between the probe head and probe 
rods, gaps between the soil and the probe center rod, etc. Also, this calibration curve can 
be used to estimate the pore fluid conductivity. The most important use of the Apparent 
Dielectric Constant - Electrical Conductivity calibration curves is to adjust field 
measurements to obtain accurate values of water content and dry density as described 
subsequently. 

Given the calibration equations relating soil apparent dielectric constant and soil 
bulk electric conductivity to soil water content and dry density, we can obtain soil water 
content and dry density by simultaneously solving Eqs. (7) and (12) which gives 



However, water content and dry densities calculated by Eqs. 18 and 19 generally 
do not have satisfactory accuracy. Many factors can contribute to this inaccuracy, 
including random errors in dielectric constant and electrical conductivity measurements. 
The most significant source of error is due to differences in pore fluid conductivity 
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between calibration samples and field samples, i.e. the pore fluid conductivity is likely to 
be different from that used to obtain the calibration factors. As shown earlier, the 
influence of pore fluid conductivity on calibration constants for K a is relatively 
insignificant. 

Let us denote the calibration constants for electrical conductivity corresponding to 
the laboratory calibration test as c 0 , cfoand those corresponding to field test as c u dj. 
Calibration constants Cu dj are used in Eqs. 18 and 19 for calculating water content and 
dry density of the soil in the field. However, it is not practical to determine values of c 
and d for every conductivity likely to be encountered in the field. Our approach is to 
"adjust" the field situation so that the laboratory calibrations Co, do can be applied to it. 
By Eq. 15, the slope of the electrical conductivity calibration curve (d- value) is 
proportional to the square root of pore-fluid conductivity. Although pore-fluid properties 
in the field are unknown, we can use a systematic approach to adjust conductivity of the 
pore fluid in the field to the conductivity of the pore-fluid used in laboratory calibration 
tests, which we call the "standard pore fluid". 

Suppose the calibration in laboratory is obtained with a pore fluid electrical 
conductivity (EC W ) of 0.08 Siemens/meter (S/m). A TDR test is done in the field with 
measured K Q and ECb plotted as an open diamond in Fig. 10. There is a point with the 
same K Q value, but with a different ECb value (indicated by solid diamond) that is located 
on the line from the laboratory calibration. By projecting the point corresponding to the 
field measurement to the lab calibration line, e.g., EC W = 0.08 S/m, we "replace" the 
sample tested in field with a virtual sample having the same water content and dry 
density, but with pore fluid conductivity of 0.08 S/m which equals the pore fluid 
conductivity used for laboratory calibration. 

Thus, calibration constants determined by laboratory tests are applicable to the 
"adjusted sample," i.e. the dry density and water content of the "adjusted sample" can be 
solved using Eqs. (18) and (19) with the calibration constants from laboratory tests. 
Since the water content and dry density of the "adjusted sample" are the same as for the 
field sample, the values calculated for the "adjusted sample" apply to the field sample. 

This adjustment can be made to any Apparent Dielectric Constant - Electrical 
Conductivity calibration line obtained from laboratory calibration. In the calibration 
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process, we do not need to measure pore fluid conductivity, except that it should be kept 
constant for all calibration tests. Laboratory tests indicate that a pore fluid conductivity 
of 0.04-0.08 S/m works well, which is a range associated with ordinary tap water. 

Equations 7, 12, and 17 provide the theoretical basis for the method of the present 
invention. First, the field measurement of bulk soil electrical conductivity, EC bf , is 
"adjusted" to laboratory pore-fluid conductivity using calibration Eq. 17 and the soil 
apparent dielectric constant, K a f giving EC badj . The values of K aadj and EC badj are 

then substituted into Eqs. 18 and 19 to obtain field gravimetric water content and dry 
density. The data reduction process is thus: 



where a, b, c, d } f t and g are calibration constants obtained from laboratory compaction 
tests. 

The method of the present invention for determining soil water content and dry 
density includes laboratory calibration and field application. 

For lab calibration, we obtain soil-specific calibration constants a, b, c, d, f, and g, 
which are related to soil type and pore-fluid properties. The laboratory calibration is 
performed in conjunction with standard compaction tests (ASTM D698 and ASTM 
D1557) using constant pore-fluid conductivity such as provided by tap water. Following 
compaction at a given water content, a central pin is driven into the mold. The MRP 
head is placed on the mold. The TDR reading is taken using a computer program which 
acquires the waveform and calculates K a and ECb- After taking the readings, soil in the 
mold is removed and placed into an oven to obtain oven dry water content according to 
ASTM D2216. 

The water content, dry density, K a and ECb from a series of compaction tests at 
different water contents are used to obtain calibration constants a, b, c s d } f, and g. The 
computer program has a built-in utility to calculate these calibration constants and place 
them into the program for use in data reduction. An example of calibration for ASTM 
graded sand is shown in Fig. 11a, lib and 1 lc. 




bjEC b adj -djK t 
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The field testing procedure and test apparatus for the preferred embodiment of the 
present invention are somewhat similar to those specified by ASTM D6780 and described 
in U.S. Patent No. 5,801,537, but without the steps of digging out the soil, compacting it 
in the mold, and running a second TDR field test on the soil in the mold. In summary the 
process according to one embodiment includes: 

1) Leveling and smoothing the soil surface and placing the template on the 
surface. 

2) Driving four spikes into the soil through holes in the guide template and 
removing the template. 

3) Seating the MRP head on the four spikes in electrical communication. 

4) Taking a TDR reading. 

5) Using a computer program to apply the equations described herein to obtain 
K a fandECi,f. 

The program then uses the AT fl /and EQ/ to obtain K a ,adj and EC bt(l dj and calculates the 
field soil water content and dry density. The algorithms necessary for these calculations 
are described herein and may be programmed into a computer in a conventional manner. 
Typically it takes about 3 to 4 minutes to do a field TDR test and obtain soil water 
content and dry density. This is much more time efficient than the earlier TDR test 
(ASTM D6780) and is comparable with the time required for nuclear tests. 

Measured values of soil apparent dielectric constant and bulk electrical 
conductivity are somewhat temperature dependent and must be accounted for if 
temperatures of the soil in the field are more than +/- 5°C from the temperature of the soil 
during calibration. 

Effects of temperature on soil apparent dielectric constant differ depending on the 
type of soil. The apparent dielectric constant of water, K a ^ ater , decreases linearly from a 
high of about 88 near freezing to about 70 for 50°C. Others have noted that temperature 
effects for sandy soils behave similarly (but with reduced sensitivity) to temperature 
changes, but that clay soils exhibit the opposite behavior, i.e. K a increases with 
temperature. Our experiments on a variety of soils, each with a range of water contents 
and density, determined temperature effects on the apparent dielectric constant. Based 
on this testing, we proposed adjusting the values of apparent dielectric constant from the 
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TDR test at a given temperature to a standard temperature of 20°C. The adjusted values 
may be calculated from 

K Q = K T x TCF 

Where TCF = Temperature Compensation Function 

= 0.97 + 0.0015 T test o C for cohesionless soils, 4°C < T testt o C < 40°C 
- 1.10 - 0.005 T test o C for cohesive soils, 4°C < T testt ° c ^ 40°C 

From Eq. 21 it can be seen that values of K a , 20'c will not exceed about ten percent 
for extremes in temperature covered by this equation. Considering Eq. (7), we see that 
water content is related to the square root of K a and hence temperature effects on water 
content are relatively small. We believe that temperature corrections are not needed for 
15°C $ T test , °c $ 25°C. Also, since the dielectric constant of ice has dramatically different 
properties from unfrozen water, the TDR method described herein does not apply to 
frozen soil. 

On the other hand, observed effects of temperature on soil bulk electric 
conductivity is consistent for both cohesive and cohesionless soils (which is different 
from temperature effects on K a ) and include: 1) at given water content, bulk soil electrical 
conductivity increases with temperature; 2) Compared with that for dielectric constant, 
the rate at which conductivity increases with temperature is more significant (e.g. 2% 
increase for each degree centigrade); and 3) EC h shows a linear variation with 

temperature for temperature ranges generally encountered in construction. 9 

Developing a temperature compensation function for bulk electrical conductivity 
similar to that which was done for apparent dielectric constant as discussed above would 
seem to be straightforward, but it is not necessary for the preferred embodiment of the 
method of the present invention. A scheme to account for temperature effects in the 
present method can be explained by use of Fig. 12 where the ^EC b is plotted versus 

^K^ for different temperatures. The long-dashed lines correspond to the relationship at 

20°C and the solid lines along the Taxis represent the relationship at the temperature of 
the field test. The point {EC btT ,K a ,T) is the data measured in the field, at temperature T 
If the calibration for the K a - EC b relationship was done at temperature T (denoted line 1 
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in the Fig. 12), adjustment to the standard pore-fluid conductivity is done as described 
previously. For this case, it is not necessary to make any temperature correction. 

Now assume the calibration (denoted as Line 2 in Fig. 12) was conducted at room 
temperature (assumed to be 20°C). It is possible to correct for temperature effects on 
both K a and ^independently (denoted by paths 2-2' and 3-3' in Fig. 12), with the 
corresponding point (denoted V with coordinates (^EC bt 2o°c,^K at2 o 0 Q)) in the calibration 
plane for 20°C. Then, we can then apply the adjustment presented above, i.e. find point 
N' (with coordinates (f^EC bt2 o 0 cJ^K at 2o 0 c)) and make final computations using Eq. 20. 

A closer look at Fig. 12 indicates that the points 2', V and N' are located on the 
same vertical line. This means that given the calibration line at 20°C, we can find point 
N* by using point T alone. Thus, we only need to compensate for temperature effects on 
K a using Eq. 2 1 , i.e. correcting K a , T to K at20 o c (points 2 to 2 ' in Fig. 1 2) and then moving 
vertically to point N' which gives the values for making final computations using Eq. 20. 

Tests were conducted on an ASTM graded sand to verify this adjustment for 
temperature effects. Standard compaction tests using ASTM D698 were conducted on 
the sand. The specimens were then sealed by plastic wrap and placed successively in 
rooms with controlled temperatures of 1°C, 7°C, 22°C, 30°C, and 40°C. TDR readings 
were taken after temperatures in the specimen stabilized. Afterwards, the entire soil 
specimen was oven-dried to determine soil water content by ASTM D2216. 

Results of data reduction by this temperature compensation approach are shown 
in Fig. 13 and lie within +/- 3% of the Total Density by Direct Measurement which 
indicate this approach for temperature compensation provides satisfactory accuracy. 

The present method for determining soil water content and dry density as 
described above was applied to data obtained from 192 laboratory and field tests. The 
data represent a variety of soils including dense-graded aggregate bases, sands, silts, 
clays, stabilized soils, and a low density mixed waste. Water contents determined by the 
present method generally fell within ±1 percentage points of oven-dry water contents 
while dry densities generally fell within ± 3% of the dry densities determined by direct 
measurement and oven dry water content. Both measurements provide sufficient 
accuracy for use in construction quality control. The method of the present invention 
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makes the water content and dry density measurements on the same sample and appears 
to be applicable to a wide variety of soils commonly encountered in field. 

While the invention has been illustrated and described in detail in the drawings 
and foregoing description, the same is to be considered as illustrative and not restrictive 
in character, it being understood that only the preferred embodiment has been shown and 
described and that all changes and modifications that come within the spirit of the 
invention are desired to be protected. 
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